Tumor spheroids are increasingly recognized as an important in vitro model for the behavior of tumor cells in three dimensions. More physiologically relevant than conventional adherent-sheet cultures, they more accurately recapitulate the complexity and interactions present in real tumors. In order to harness this model to better assess tumor biology, or the efficacy of novel therapeutic agents, it is necessary to be able to generate spheroids reproducibly, in a controlled manner and in significant numbers.
Introduction
There is an increasing body of evidence that tumor cells behave differently in three dimensional cultures than they do when cultured on plastic, and that therapeutic agents identified on conventional tissue-culture platforms may lose efficacy when transitioned to a more physiologicallyrelevant system 1 . It is therefore desirable to study the behavior of cancer cells under these conditions, both to gain insights into their underlying biology, and also to increase the success rate of transitioning new therapeutic agents from the screening facility to the clinic. One useful model system with a long history employs three-dimensional clusters of cancer cells known as tumor spheroids 1, 2 . Ideally, techniques for spheroid formation would permit production of large numbers of uniform spheroids whose size and composition are controlled by the experimenter. While hanging-drop and well-plate approaches 3, 4 are able to fulfill some of these requirements, throughput is generally limited, and generation of large numbers of spheroids becomes a labor-intensive task.
We have recently developed a system to resolve similar challenges in the regenerative medicine field 5 . Employing forced aggregation within a series of densely packed micron-scale wells (see Figure 1) , this approach permits the generation of spheroids from arbitrary numbers of cells, including mixtures of multiple cell types 6 , as well as the incorporation of various biomaterials 7 . Spheroids are formed in large numbersthousands to hundreds of thousands or more -and may be extracted immediately or maintained in the microwells in which they were formed with medium exchange for at least one 8 to two (unpublished observation) weeks. This system is therefore well suited to the generation of large numbers of uniform and reproducible tumor spheroids for the assessment of the effectiveness of novel antitumor agents or basic biological investigations.
Preparing Cells
NOTE: The details of cell preparation will vary somewhat with the specific cell type being studied. However we have observed these conditions to be effective with a broad range of cells, including the lines discussed here, as well as human and murine embryonic stem cells (ESC), human induced pluripotent stem cells (iPSC), fibroblasts, putative primitive endoderm, and stromal cells. Other groups have employed this system successfully for a wide range of applications including chondrogenesis from mesenchymal stem cells 9 , standardized generation of neural precursors from pluripotent stem cells 10 , toxicological analyses in hepatocytes 11 and assessment of spinal cord regeneration in salamanders 12 . The specific protocol for working with HT29 cells is shown here.
1. Start with a T75 flask of HT29 cells, cultured in DMEM + 10% FBS 2. Aspirate growth medium from flask, and add 3 ml of trypsin. 3. Incubate cells for 5 min at 37 °C. 4. Stop trypsin digestion by adding 3 ml of growth medium. Take an aliquot for cell counting and transfer the remainder into a 15 ml centrifuge tube. 5. Centrifuge for 5 min at 200 x g. 6. While the centrifugation is in progress, count cells. 7. Aspirate trypsin/medium mixture and replace with fresh growth medium, volume determined by the required cell density as calculated above. 8. (OPTIONAL) Pass the cell suspension through a strainer in order to remove any clumps. NOTE: Cell harvesting conditions will vary somewhat between lines. If a dissociation protocol for e.g. passaging the cells of interest is available, that should be used as a starting point. With sensitive cell lines use of trypsin may result in excessive cell death. In these cases we have observed good results using TrypLE as an alternative dissociation reagent 8 . If the cells become clumped during dissociation and lose viability, addition of DNAse to the enzyme solution may resolve this. Reducing dissociation times and employing a trituration step to break up cell clumps can also increase viability.
Spheroid Formation
NOTE: Spheroids may be generated in a variety of medium formulations, however initial trials should be carried out using the medium in which the cells were cultured, to distinguish consequences of transitioning to a 3-dimensional culture system from consequences of changing medium composition.
1. Add 0.4 ml of growth medium to each well. 2. Centrifuge for 2 min at 2,000 x g to remove bubbles. Note that it is important to ensure the rotor is properly balanced at this speed prior to centrifugation. 3. Using a low-magnification inverted microscope, verify bubbles have been removed from the microwells. 4. Add 0.4 ml cell suspension at the required density (calculated above). Gently mix by pipetting up and down, without introducing air bubbles into the microwells. It is important to ensure that the cells are evenly distributed throughout the well, in order to obtain consistent spheroids. 5. Centrifuge for 5 min at 200 x g. If the plate does not self-level during centrifugation, convection currents may arise that result in uneven distribution of cells across the microwells. Therefore, the plate should be balanced internally as well as against the other plate, so that the weight is distributed evenly to both sides of the plate carrier. NOTE: If evidence of uneven cell distribution is seen, it may be necessary to apply a small amount of lubrication to the pivot points on the plate carrier -consult with centrifuge manufacturer for instructions.
NOTE: Once the cells have been centrifuged into the microwells, they are reasonably resistant to washing out from minor motions of the plate. Abrupt movements that result in sloshing of the medium should be avoided, but transfer of the plate from centrifuge to microscope or incubator should not result in significant cell displacement.
6. Using an inverted microscope, verify that cells have clustered within the microwells, and that they are evenly distributed across the well. 7. Incubate overnight at 37 °C. 8. Using an inverted microscope, observe the process of spheroid formation. Some cell lines will form compact spheroids within 24 hr, others may take longer. The progression from cluster to aggregate in HT29 cells is shown in Figure 2 . 9. Recover spheroids from the microwells and transfer to suspension culture by gently jetting them out with a pipette. Alternatively, maintain spheroids in situ with medium replacement 8 -the duration depends on their initial size and growth rate, which define the time until they outgrow the microwells in which they were formed. 1. To replace medium without losing spheroids, aspirate medium at the edge of the well using a Pasteur pipette. Slowly bring the tip down until it begins to draw liquid from the meniscus, and follow the meniscus down as it drops. Then add fresh medium against the well wall in the same place. A few spheroids may be lost, however if medium is always aspirated and replaced in the same position, this number will remain small in comparison to the large numbers in the well.
Representative Results
Spheroids from multiple tumor lines of differing anatomical origins may readily be generated and extracted into suspension culture. Figure 3 illustrates the consistent size control obtainable via this method, with highly uniform spheroid populations under each condition. Clear inter-line differences in behavior are also visible, with HT29 colon cancer cells and TE6 esophageal cancer cells forming densely packed spheroids with sharply defined boundaries, while LNCaP prostate cancer cells gave rise to less coherent spheroids with irregular boundaries (see Discussion for possible reasons). The stronger internal forces in the more coherent aggregates also resulted in collapse to a more symmetrical form even while still in the microwells in which they were formed, whereas the LNCaP aggregates, particularly at the larger size, visibly retain the squarepyramidal geometry of the microwells. The relationship between input cell numbers and the physical size of the resulting spheroid will depend on a number of variables. Theoretical volumes based on the product of the volume per cell and the number of cells employed may be reduced by cell loss, which in turn may include loss of cells during the single-cell suspension stage, as well as loss from excessively small aggregates due to insufficient numbers of neighbors, and from excessively large aggregates due to transport limitations and necrosis in the core. Size will also be influenced by any proliferation that may occur during the aggregation process. As these parameters will vary from cell line to cell line, if spheroids of specific physical dimensions are desired the correct number of cells to introduce must be determined experimentally. As a first approximation, spheroid diameter is expected to increase with the cube root of the number of cells incorporated -e.g. an 8-fold increase in number of cells should result in a doubling of spheroid diameter. *Numbers of cells per microwell are only an approximation as this value will vary with the size of the specific cells employed, and should be determined empirically Table 1 . AggreWell options and protocol modifications.
Discussion
We have established a system whereby large numbers of uniform spheroids may be generated from multiple cell lines from different sources.
We have yet to encounter an adherent cell line that does not form spheroids under these conditions. We have previously observed cell loss in populations prone to anoikis 5, 8 , however to date this issue has not arisen with tumor lines. The system is arbitrarily scalable with surface area, with behavior consistent across microwells in 24-well and 6-well format, as well as prototype bioreactors containing 50,000 microwells each presently under development.
Should spheroid asymmetry be a concern, the incubation time in step 4.8 may be increased to two or three days. Spheroids may also be incubated for a period after extraction from the microwells to increase symmetry, however in this case care must be taken to keep culture densities sufficiently low, as spheroids in contact with one another will often fuse into larger structures. For this reason, we have previously maintained cultures within the microwells in which the aggregates were formed, with the primary limitation being the size of the spheroid. This in turn is a function of both growth rate and initial size 8 , and if extended culture within the microwell plate is planned, this should be considered in advance. Options to prevent overgrowth, should it occur, include either starting with smaller spheroids, or employing the larger microwells of the AggreWell 800 plate.
Should spheroids fail to increase in coherence over time, one potential cause may be cell death. Particularly in larger aggregates of highly metabolically active cells, mass transport limitations on the delivery of oxygen and essential nutrients can result in a necrotic core 2 -thus a noncohesive spheroid may simply be a consequence of excessive cell death. Alternatively, measurements of the mechanical cohesion of spheroids have been used to assess intercellular binding forces, in relationship to the metastatic potential of a given cell line 13 . It would be interesting to investigate the relationship between spheroid shape and metastatic potential, perhaps using morphometric parameters such as roundness and perimeter to area ratio.
In addition to investigating the mechanical and morphometric properties of spheroids, assembly in the microwell system permits large-scale production of mixed-composition spheroids, consisting of combinations of multiple cell types and / or biomaterials 6, 7 . The interactions of tumor cells with other cell types are important to more closely model the behavior of tumors in vivo 14 , thus it may be of interest to generate spheroids from tumor cells in combination with fibroblasts and endothelial cells, for example. Microparticles of various biomaterials may also be incorporated, and can affect spheroid properties both directly through their interactions with cells 7, 15 , and also as reservoirs for the controlled release of growth factors and cytokines into the interior of the spheroid 16 .
If there is any concern about sterility, for example when working with an microwell plate in which some wells have previously been used, that may have spent some time in an incubator as part of a previous experiment, the wells may be resterilized with 70% ethanol in water.
Once spheroids have been formed, they may also be separated from residual unincorporated cells by passing the suspension over a cell strainer. Individual cells will pass through, while the spheroids will be retained. If the spheroid is suspected of shedding potentially metastatic cells over the course of culture, it may be desirable to perform this procedure multiple times -initially to remove unincorporated cells, and subsequently to isolate purified populations of the cells given off by the spheroids.
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